Nuclear pore complexes (NPCs) are indispensable for cell function and are at the center of several human diseases. NPCs provide access to the nucleus and regulate the transport of proteins and RNA across the nuclear envelope. They are aqueous channels generated from a complex network of evolutionarily conserved proteins known as nucleporins. In this Cell Science at a Glance article and the accompanying poster, we discuss how transport between the nucleoplasm and the cytoplasm is regulated, what we currently know about the structure of individual nucleoporins and the assembled NPC, and how the cell regulates assembly and disassembly of such a massive structure. Our aim is to provide a general overview on what we currently know about the nuclear pore and point out directions of research this area is heading to.
isolated. Embedded throughout the nuclear envelope are large protein complexes known as nuclear pore complexes (NPCs) that sit in circular openings where the outer nuclear membrane is fused with the inner nuclear membrane. Proteins and RNA can cross the nuclear envelope in a tightly regulated process by traveling through these aqueous protein channels. NPCs are considered to be the gatekeepers of the nucleus and facilitate almost all transport between the nucleoplasm and cytoplasm.
The nuclei of HeLa cells -the commonly used human tissue culture cell line -contain on average 3000 NPCs (Dultz and Ellenberg, 2010; Maul et al., 1972) . A single NPC comprises ,500, mainly evolutionarily conserved, individual protein molecules that are collectively known as nucleoporins (Nups) (Alber et al., 2007) . A fully assembled human NPC has an estimated molecular mass of ,125 MDa (Reichelt et al., 1990) , making it one of the largest protein complexes in the cell. Despite its size, the NPC is generated from a limited number of Nups (,30) that appear in multiple copies (see poster, 'NPC composition and NPC-deletion phenotypes'). Since the discovery of the NPC more than 60 years ago (Callan and Tomlin, 1950) , much has been learned about its composition, structure and function.
In this Cell Science at a Glance article and accompanying poster, we examine how nuclear transport is regulated and highlight the key differences between the transport requirements of proteins and different types of RNA. We discuss some common protein folds found in many Nups and how they contribute to the overall NPC structure and barrier function, before discussing recent discoveries that show evolutionary links between Nups and vesicle coats, and Nups and nuclear transport receptors (NTRs) (see Box 1). Finally, we will review how the cell orchestrates and regulates the assembly of the NPC at different times in the cell cycle. For the purpose of readability, we predominantly use the human nucleoporin nomenclature to address those evolutionarily conserved properties of the NPC that are likely to apply to NPCs of all eukaryotes; we use the fungal nomenclature only when addressing specific aspects that are different when comparing eukaryotic lineages. A brief overview of NPC function, structure and assembly is provided, and more-detailed reviews regarding specific aspects of NPC biology are referenced throughout the text.
The nuclear import-export cycle Whereas metabolites, ions and molecules smaller than ,40 kDa can pass freely across the nuclear envelope, larger macromolecules (e.g. proteins, mRNA, tRNA, ribosome subunits and viruses) typically cannot diffuse, but must be actively transported through the NPC (Görlich and Kutay, 1999; Weis, 2003) . Each class of macromolecule has a specific way in which it is transported across the nuclear envelope.
The import and export of proteins across the nuclear membrane is regulated by a cycle of interactions between protein cargo, NTRs (e.g. importins, exportins, transportins and karyopherins) and the small GTPase Ran, which regulates the ability of both importins and exportins to transport their cargo (see poster 'Nuclear import and export pathways -an overview'). For a protein to actively pass through the NPC, it must contain a nuclear localization signal (NLS) sequence. Although the NLS can be complex, the classic NLS is a stretch of basic residues (i.e. KKKRK) (Kalderon et al., 1984) . Simply adding an NLS to a non-nuclear protein is often sufficient to localize that protein into the nucleus (Goldfarb et al., 1986) . Recognition of the NLS of a cargo is the first step in assembling an import-complex. Canonical nuclear import involves the recognition of the NLS by the adaptor protein importin-a, followed by binding of the karyopherin importin-b, thereby forming a trimeric import complex (Cook et al., 2007; Fried and Kutay, 2003; Stewart, 2007b) . Importin-b acts as the transport factor and carries the cargo through the NPC. In other cases, such as when the cargo contains an atypical NLS, importin-b binds to the cargo directly (Cingolani et al., 2002; Lee et al., 2006; Lee et al., 2003) . Through either direct interaction with the NLS or through an adaptor protein, the NTRs ultimately determine which cargo is permitted to pass through the nuclear pore.
Fluorescent microscopy studies have shown that translocation through the pore is a rapid process with first-order kinetics, which occurs at a rate of ,1000 translocations every second (Ribbeck and Görlich, 2001; Yang et al., 2004) . Interestingly, the pore itself does not determine the directionality of the import complex. In fact, the movement of the import complex within the pore appears to be random. The directionality of cargo import is determined by a gradient of nuclear RanGTP. Once an import complex enters the nucleus, RanGTP binds importin-b, which releases the cargo. The importin-b-RanGTP complex itself is transported back to the cytosol, disassembled by GTP hydrolysis and ready for the next round of import. Because a dynamic equilibrium of the import Box 1. Evolution of the NPC In addition to the architectural information gained from highresolution structural studies of the NPC, these experiments have also shed light on the evolution of Nups and the NPC as a whole. It has been hypothesized that the NPC shares common ancestry with vesicle coat complexes, including COPI, COPII and clathrin (Devos et al., 2004) . This hypothesis was initially supported by predictions that similar elements of protein structures are found in both vesicle coats and NPCs -mainly b-propellers and a-helical solenoidsand the fact that Sec13 is a bona fide member of both the NPC and a vesicle coat complex (COPII). The proposed evolution from a common ancestor gained further support from high-resolution structural studies, which found that -despite having less sequence similarity -several Nups (Nup85, Nup96, Nup93 and Nup107) as well as vesicle coat proteins (Sec31 and Sec16) contain a conserved tripartite element, the so-called ancestral coatomer element 1 (ACE1) (Brohawn et al., 2008) .
Recently, an additional evolutionary link between the NPC and NTRs has been uncovered. The defining characteristic of the karyopherin protein family, which includes importin-a, importin-b and the exportins, is that they all contain superhelical stacked ahelical units, which allows them to interact with FG-repeats and shuttle cargo through the NPC. Structural analysis of Nup188 (M. thermophile) and its mammalian homolog Nup205 (Nup192 in S. cerevisiae and Chaetomium thermophilium), members of the Nup93 subcomplex, showed they also adopt a structure of stacked a-helices (Andersen et al., 2013; Flemming et al., 2012; Sampathkumar et al., 2013; Stuwe et al., 2014) . Such superhelical structures are abundant in eukaryotic cells and are used in many functional contexts. However, similar to karyopherins, Nup188 and Nup205/192 were both shown to specifically bind to FG-repeats and to be able to transverse the NPC, characteristics typically associated with NTRs (Andersen et al., 2013) .
The evolutionary links between the NPC, coat-proteins and transport receptors that have been provided by high-resolution structural studies might help to better understand how the NPC is formed, how Nups interact with each other and, ultimately, how each Nup functions in nuclear transport.
complex is maintained in the pore, disassembly of the complex in the nucleus results in a net flow of cargo towards the nucleoplasm. This directional flow is dependent on a RanGTP gradient, whereby the concentration of RanGTP is greater in the nucleus than in the cytosol. This RanGTP gradient is maintained by a Ran guanine nucleotide exchange factor (GEF) that is preferentially located in the nucleus and by RanGTPaseactivating proteins (GAPs) in the cytosol (Stewart, 2007b) .
Conceptually, the export of proteins from the nucleus occurs in an process that is analogous to nuclear import but reversed (see poster, 'Nuclear import and export pathways -an overview'). An export complex forms inside the nucleus between cargo displaying a nuclear export signal (NES) -typically a sequence that is leucine rich -a cognate export karyopherin and RanGTP (Ossareh-Nazari et al., 2001 ). This ternary export complex enters the NPC and, upon exiting the nuclear pore, encounters RanGAPthe Ran-specific GTPase-activating protein -that catalyzes GTP hydrolysis, resulting in disassembly and the release of the cargo (Cook et al., 2007) . Also here, the established RanGTP gradient is the driving force for the directionality and nuclear export of proteins.
RNA export
The export of some classes of RNA is similar to the export of proteins. For example, tRNAs and small nuclear RNAs (snRNAs) use the RanGTP gradient and are transported through the NPC by their specific karyopherins exportin-t and Crm1, respectively (Cook and Conti, 2010; Rodriguez et al., 2004) . The export of mature ribosomal subunits is also dependent on the RanGTP gradient and uses karyopherin-like transport receptors. However, because of the size of the ribosome, the precise process is still under intense investigation and, overall, remains poorly understood (Panse and Johnson, 2010; Tschochner and Hurt, 2003; Zemp and Kutay, 2007) .
The export of mRNA is considerably different from that of proteins and other RNAs. mRNA is not exported alone but, instead, as a large messenger ribonucleoprotein (mRNP) complex, in which a single mRNA molecule is surrounded by hundreds of proteins that have a function in processing, capping, splicing and polyadenylation. The export of mRNPs, thus, presents the cell with a new set of challenges because (1) the diameter of the mRNP cargo is extremely large, (2) the cell must be able to distinguish between correctly (mature) and incorrectly (immature) packaged RNPs, and (3) the mRNA within the RNP may adopt topologies that need to be remodeled before translation can occur (Grünwald et al., 2011) .
To overcome these unique challenges, cells have developed a separate mode for transport of mRNPs through the NPC. Before an mRNP particle can enter the NPC, a quality control step is performed by members of the TRAMP (Trf4-Air2-Mtr4p polyadenylation) and exosome protein complexes, which survey mRNA, and identify and degrade any defective mRNPs (Chlebowski et al., 2013; Makino et al., 2013) . A mature mRNP is then recruited to the nucleoplasmic side of the NPC ormore specifically -the nuclear basket (see below) by the TREX2 (transcription-export complex 2) and THO complexes. This occurs co-transcriptionally and TREX2 and THO complexes are, therefore, essential in linking active gene transcription to mRNA export (Köhler and Hurt, 2007) .
Once a mature mRNP is assembled and targeted to the NPC, it is transported through the channel by a non-karyopherin transport receptor, the Nxf1-Nxt1 heterodimer (Mex67-Mtr2 in yeast) (Grüter et al., 1998; Segref et al., 1997; Stewart, 2010) . Although the exact stoichiometry is unknown, several Nxf1-Nxt1 heterodimers bind to the mRNP. Nxf1 and Mex67 neither bind to Ran nor do they use the RanGTP gradient that is crucial for protein transport. Instead, mRNA export (see poster, 'Export of mRNPs') is driven by ATP rather than GTP hydrolysis. The energy is required to establish transport directionality by remodeling the mRNP once it reaches the cytoplasm (Stewart, 2007a) . Inside the central NPC channel, the mRNP can move forward and backward. However, once part of the mRNP reaches the cytoplasmic face of the NPC, the DEAD-box RNA helicase Dbp5 (also known as SON in humans), whose activity is regulated by the nucleoporin Gle1 and inositol hexaphosphate (IP 6 ), binds to the mRNA and alters the structure of the mRNP, thereby removing the transport receptor Nxf1-Nxt1 heterodimer in an ATP-dependent manner (Montpetit et al., 2011; Tran et al., 2007; Weirich et al., 2006) . Removal of Nxf1-Nxt1 prevents the respective part of the mRNP from returning to the central channel. By repeating this process, the mRNP is fully extracted out of the pore into the cytoplasm. For a more in-depth review of the process, see (Bonnet and Palancade, 2014; Oeffinger and Zenklusen, 2012) .
The FG barrier
The NPC is an extremely versatile protein complex as it has to enable the selective transport of both proteins and mature RNA with sizes that range from 40 kDa to entire ribosomal subunits, while preventing other molecules of similar sizes from passing. How does the NPC create a barrier while regulating nuclear transport? This question still remains an intensely debated topic in the field. One issue that is agreed upon is that the regulatory function of the NPC is achieved by a subset of specific Nups, collectively known as FG-Nups. FG-Nups typically contain a structured domain that serves as an NPC anchor point, from which a largely unstructured, filamentous and hydrophilic extension emanates, which is studded with multiple (5-50) hydrophopic phenylalanine-glycine (FG)-repeats (Terry and Wente, 2009) .
Over the past decade, a number of models have been proposed on how FG-Nups form the transport barrier (Lim et al., 2007; Patel et al., 2007; Peters, 2005; Ribbeck et al., 2002; Rout et al., 2003) . Recent work has provided strong evidence for the socalled 'selective-phase model ' (Hülsmann et al., 2012; Labokha et al., 2013) . In this model, FG-Nups line the central channel and extend their FG-repeat regions into the middle of the channel. The high local concentration of FG-repeats due to the many FGNups that localize to the channel (,200 FG-Nups per channel) generates a hydrogel, in which the FG-repeats bind cohesively to form a 'sieve' with mesh size of ,5 nm. A macromolecule larger than ,5 nm (,40 kDa) passes through this barrier by means of a transport receptor that has the ability to bind the FG-repeats, thereby locally 'melting' the FG-mediated sieve. The selectivephase model has shortcomings because it does not yet explain the interplay between the different FG nucleoporins; moreover, it is largely based on in vitro data using one FG-protein at the time. Also, many FG-Nups are -for so-far-unknown reasons -heavily glycosylated. Finally, the influence of NTRs as possible constitutive elements of the FG barrier is still mostly unexplored. Thus, the FG barrier remains a central research topic that is passionately and controversially discussed (Atkinson et al., 2013; Kapinos et al., 2014; Peters, 2009; Yamada et al., 2010; Zilman et al., 2010) .
NPC structure
The NPC is one of the largest protein complexes in the cell and easily recognizable using scanning electron microscopy (EM). Early EM studies revealed an eightfold rotational ring symmetry for the entire structure. In addition, the main NPC structure contains rings that are situated on its cytoplasmic and nucleoplasmic sides, giving the NPC an apparent twofold symmetry across the nuclear membrane (Beck et al., 2004; Stoffler et al., 2003) . A recent electron tomographic study has delineated the structure of the core NPC scaffold at a resolution of 3.2 nm (Bui et al., 2013) . This work, together with other studies, shows that the NPC has a thickness of ,50 nm, an outer diameter of ,80-120 nm and an inner diameter of ,40 nm (Bui et al., 2013; Grossman et al., 2012; Maimon et al., 2012) . In addition, the obtained images reveal that the NPC contains a structure, resembling a basket that extends into the nucleoplasm (the nuclear basket) and filaments that extend into the cytoplasm (referred to as cytoplasmic filaments).
Despite its enormous size, the NPC is made up of only ,30 Nups that are largely conserved throughout eukaryotic evolution (Cronshaw et al., 2002; DeGrasse et al., 2009; Rout et al., 2000) . Nups are organized into subcomplexes that are biochemically defined by their affinity to each other. In humans, the Nup62 complex comprises Nup62, Nup58 (Uniprot ID: Q9BVL2) and Nup54, all of which contain FG-repeats and are found in the central pore (Finlay et al., 1991; Grandi et al., 1993; Hu et al., 1996) (see poster, 'NPC composition and NPC-deletion phenotypes', for corresponding Nup nomenclature in budding yeast Saccharomyces cerevisiae). Nup62 is also a member of the human Nup214 subcomplex, where it interacts with Nup88 and the FG-containing Nup214, and is located on the cytoplasmic side of the NPC (Fornerod et al., 1997; Macaulay et al., 1995) . Two other essential subcomplexes provide the structural scaffold for the entire NPC and serve as adaptor proteins that link the FGNups to the nuclear membrane. The first is the Y-complex that, in several EM studies, was shown to be elongated and branched, resembling the letter Y -hence its name (Bui et al., 2013; Kampmann and Blobel, 2009; Lutzmann et al., 2002) . In humans, this subcomplex contains ten proteins, Nup107, Nup85, Nup96, Nup160, Nup133, Sec13, Seh1, Nup37, Nup43 and ELYS (Loïodice et al., 2004; Lutzmann et al., 2002; Rasala et al., 2006; Siniossoglou et al., 1996) . Another NPC subcomplex is the Nup93 complex, which comprises Nup93, Nup188, Nup205, Nup155 and Nup35 in humans (Vollmer and Antonin, 2014) . Although the structure of the entire Nup93 subcomplex is still unknown, the individual structures of all its components have been published. Surprisingly, even though the NPC spans two membranes (the outer-and inner-nuclear membrane), only four of the human Nups contain transmembrane (TM) domains, namely Ndc1, Gp210, TMEM33 and Pom121. Biochemical data indicate that these TM proteins connect to the NPC scaffold through the Nup93 complex (Eisenhardt et al., 2014; Mitchell et al., 2010; Yavuz et al., 2010) .
A high-resolution structure of the NPC, in which the position of each individual protein is resolved, is a formidable goal for structural biologists. Efforts over the past decade have shown that a hybrid approach using different experimental and computational methods is likely to be needed to fulfill this goal (Alber et al., 2007; Bui et al., 2013) .
Assembly and disassembly of the NPC
In addition to being one of the largest protein complexes in the cell, the structural scaffold of the NPC is also one of the longest lived (Savas et al., 2012) . Whereas most mammalian proteins have an average half-life of a few days (Cambridge et al., 2011; Price et al., 2010) , recent whole animal pulse-chase experiments demonstrated that, in postmitotic tissues, the structural scaffold of the NPC, or at least components thereof, persists over the entire lifetime of a cell (Toyama et al., 2013) . In dividing cells, NPCs undergo a cycle of assembly and disassembly that is in concert with the cell cycle. NPC assembly occurs during two stages of the cell cycle, in interphase and immediately after mitosis.
During interphase, the nuclear envelope increases its surface area, and the number of NPCs doubles in preparation for mitosis and to allow the cell to handle the concomitant increase in transcription that necessitates additional mRNA export as well as synthesis and import of histones. These new NPCs form de novo and assemble from both sides of the intact nuclear envelope (D'Angelo et al., 2006) .
A model for NPC assembly in interphase has been proposed on the basis of several studies, in which the members of the Nup93 subcomplex are first recruited to the TM-Nups (Flemming et al., 2009; Makio et al., 2009; Onischenko et al., 2009 ). This association, facilitated by membrane-deforming proteins (e.g. reticulons) then bends the outer-and inner-nuclear membrane toward each other until they eventually fuse (Dawson et al., 2009 ). Live-imaging kinetics studies have shown that members of the Y-complex also appear around this time (Dultz and Ellenberg, 2010) . The localization of the Y-complex during assembly, and NPC assembly itself, is dependent on the components of the Ran cycle and importin-b (D' Angelo et al., 2006; Ryan and Wente, 2002; Ryan et al., 2003; Ryan et al., 2007) . Finally, after all the scaffolding Nups have been assembled, the FG-Nups are localized to the NPC, generating the transport barrier.
For post-mitotic NPCs assembly it is important to consider the vast differences between the fate of the nuclear envelope in different organisms. In S. cerevisiae, the nuclear envelope remains closed throughout mitosis, as the microtubule organizing center (MTOC) is embedded in it. In many other organisms, MTOCs are cytoplasmic, which necessitates the nuclear envelope to break down for correct chromosome segregation to occur. Between these extremes of 'open' and 'closed' mitosis, there are a number of cell types that undergo variations of a 'semi-closed' mitosis (De Souza and Osmani, 2007; Güttinger et al., 2009) . To what extend these variations affect NPC dissembly and/or reassembly, and how this might have generated fundamentally different post-mitotic versus interphase assembly pathways is an ongoing discussion (D'Angelo and Hetzer, 2008; Doucet et al., 2010) . However, it is clear that NPCs are fully disassembled during open mitosis (Laurell et al., 2011) and partially disassembled during 'semiclosed' mitosis (De Souza et al., 2004) .
Post-mitotic assembly of NPCs begins at the same time as the nuclear envelope starts to reform (Schooley et al., 2012) . This assembly process is proposed to be initiated by the targeting of the Y-complex to chromatin, which is facilitated by small-DNAbinding motifs (AT hooks) that are predicted to be present in ELYS (Rasala et al., 2008) . As with NPC assembly during interphase, Ran -as well as its effectors -and importin-b regulate Nup recruitment to chromatin (Harel et al., 2003; Walther et al., 2003) . However, once ELYS is localized to chromatin, assembly continues with the remainder of the Nup107 subcomplex, which interacts with the TM-Nups Ndc1 and Pom121 (Dultz et al., 2008; Rasala et al., 2008) . Members of the Nup93 subcomplex are then recruited soon after (Dultz et al., 2008 ) and thought to assist in membrane fusion and pore stabilization (Eisenhardt et al., 2014; Ródenas et al., 2009) . Once all the scaffolding Nups have been incorporated into the pore, the FG-Nups are localized and nuclear pore activity is restored (Dultz et al., 2008) .
Despite the overall stability of the NPC in non-dividing cells, NPCs must nevertheless disassemble in order for mitosis to proceed in dividing cells. NPC disassembly is fast and occurs in a stepwise-regulated manner. Although the exact steps and order in which they occur are currently unknown, disassembly does not appear to be a simple reversal of the assembly steps described above (Dultz et al., 2008) . The trigger to initiate the disassembly process is the phosphorylation of several Nups by mitotic kinases (e.g. Cdk1) (Glavy et al., 2007; Laurell et al., 2011; Onischenko et al., 2005) . Following their phosphorylation and release from the NPC, some nuclear pore subcomplexes also have additional roles in mitosis. For example, the Y subcomplex is localized to kinetochores, and regulates mitotic spindle assembly and chromosome congression Zuccolo et al., 2007) .
Perspectives
The NPC is a multifaceted and intricate protein complex that is essential to all eukaryotic life. In addition to the main function of the Nups in nucleocytoplasmic transport, new roles -especially in the regulation of gene expression -have recently been identified (Texari et al., 2013; Van de Vosse et al., 2013) . Therefore, it is not surprising that aberrant functions of Nups and NPCs have been implicated in many and diverse human pathologies, including autoimmune diseases, viral infections, cardiomyopathies and various cancers (Capelson and Hetzer, 2009; Chow et al., 2012; Hatch and Hetzer, 2014; Simon and Rout, 2014) . To better understand large, complicated protein complexes such as the NPC, a multipronged approach using hybrid methods is needed. Already, single-particle EM, EM tomography, super-resolution microscopy, crystallography, immunoprecipitation, crosslinking, mass spectrometry and numerous other methods are being used and combined to help to generate a highly detailed model of the NPC and to identify so-far-unknown Nup functions. Given the intensity of research in the field, it seems realistic that we might know the structure of the NPC, including the positions of all scaffold nucleoporins in the foreseeable future. This, in turn, will give researchers the opportunity to specifically address the many aspects of NPC biology, which will no doubt disclose exciting secrets of cell biology.
